Self-assembled monolayers of chrysene and indene on graphite have been observed and characterized individually with scanning tunneling microscopy (STM) at 80 K under low-temperature, ultrahigh vacuum conditions. These molecules are small, polycyclic aromatic hydrocarbons (PAHs) containing no alkyl chains or functional groups that are known to promote two-dimensional self-assembly. Energy minimization and molecular dynamics simulations performed for small groups of the molecules physisorbed on graphite provide insight into the monolayer structure and forces that drive the self-assembly. The adsorption energy for a single chrysene molecule on a model graphite substrate is calculated to be 32 kcal/mol, while that for indene is 17 kcal/mol. Two distinct monolayer structures have been observed for chrysene, corresponding to highand low-density assemblies. High-resolution STM images taken of chrysene with different bias polarities reveal distinct nodal structure that is characteristic of the molecular electronic state(s) mediating the tunneling process. Density functional theory calculations are utilized in the assignment of the observed electronic states and possible tunneling mechanism. These results are discussed within the context of PAH and soot particle formation, because both chrysene and indene are known reaction products from the combustion of small hydrocarbons. They are also of fundamental interest in the fields of nanotechnology and molecular electronics.
Introduction
With its ability to provide spatial information at the atomic scale, scanning tunneling microscopy (STM) has become one of the most important experimental techniques in the fields of chemistry and physics as well as molecular electronics and nanotechnology. STM provides detailed information about the spatial and electronic properties of both surfaces and molecular assemblies. The technique has been used to interrogate molecular self-assembly under a variety of conditions, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] to build and characterize nanoscale devices, 11, 12 to follow dynamics and chemical reactions on surfaces, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and even to initiate chemical reactions. 12 The versatility of STM is limited only by its inability to distinguish different chemical groups or atoms; however related techniques such as scanning tunneling spectroscopy and inelastic electron tunneling spectroscopy can in principle provide unique electronic or vibrational signatures for surface atoms and adsorbate functional groups. 12, [22] [23] [24] [25] [26] [27] [28] [29] [30] Numerous STM studies have focused on understanding the spontaneous self-assembly of molecules on surfaces, including the physisorbed monolayers formed at the liquid-graphite interface 1, [3] [4] [5] [8] [9] [10] 18, 21, 28, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and the vacuum-graphite interface. [23] [24] [25] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Information about the factors that promote twodimensional self-assembly, such as van der Waals forces, electrostatic forces, and hydrogen-bonded interactions, has been gleaned from these investigations. Although these types of forces, their relative strengths, and their importance for selfassembly are properties that cannot be easily measured by experiments, complementary theoretical studies can provide quantitative information about contributions by individual types of interactions. When combined with experimental data, the theoretical results provide a more complete understanding of the forces that drive two-dimensional self-assembly.
Progress in the bottom-up fabrication of molecular electronic devices will depend on our ability to exploit the two-dimensional self-organization of molecules at interfaces. To control selfassembly, it is important to first understand the forces that drive the spontaneous ordering of molecules at interfaces. Once a fundamental understanding of these forces has been obtained, the engineering of specific structures should become routine. The ability to control self-assembly and create well-defined structures suggests the possibility of utilizing surface templates to investigate and control chemical reactivity on these surfaces.
Because of the interest in using large π-conjugated molecules as organic semiconductors, numerous STM studies have been carried out to characterize such molecules on surfaces under a variety of conditions. 2, 6, [22] [23] [24] 26, 28, 29, [34] [35] [36] [37] [38] 42, 43, [53] [54] [55] [56] These molecules have attracted attention in the context of charge transport as materials for molecular electronic device applications. Aromatic molecules, whose conductivity occurs via the π-system, can behave as either electron donors or acceptors, depending on their functionalization. Also, because the electronic band gap scales inversely with size, such π-conjugated molecules offer a degree of flexibility in the design of electronic devices. The size of the aromatic π-system and the substitution of electron-accepting or -donating groups allow for well-defined, specific tuning of the hole/electron transport properties.
The goal of the present work is to characterize the geometric arrangements and electronic properties of small polycyclic aromatic hydrocarbons (PAHs) on graphite surfaces using a combined STM and theoretical approach. An additional goal is to address the potential use of such systems to investigate surface chemical reactions leading to soot particle growth and oxidation. Soot formation from the incomplete combustion of small hydrocarbons has been extensively studied in the gas phase, in flames, and with theoretical methods. 57, 58 Far fewer studies have been focused on understanding soot particle nucleation and growth via surface reactions. 57, 58 Environmental pollution and adverse health effects, arising from combustion byproducts such as PAHs and soot, drive interest in understanding the chemistry that transforms small hydrocarbons into PAHs and ultimately into particulate matter.
The present work illustrates the use of STM to identify and characterize the small PAH molecules chrysene and indene (see below) on graphite surfaces under low-temperature, ultrahigh vacuum conditions. These molecules are known reaction products in sooting flames [57] [58] [59] [60] [61] [62] [63] and other combustion processes. 64, 65 To a first approximation, soot particles can be thought of as small pieces of graphite that grow due to successive additions of acetylene to a radical species followed by cyclization. 57 Thus, bulk graphite serves as a model system on which to study soot particle surface chemistry. The reactions of such radical precursors, PAHs, and linear hydrocarbons with the surface of soot particles are themselves subjects of fundamental importance in combustion processes. Potentially, STM can be utilized to study the behavior of these species on graphite surfaces 66 to identify key chemical reactions that are important for the formation and growth of soot and to complement the wealth of gas-phase combustion chemistry experiments. Such studies can bridge the gap between important gas-phase combustion chemistry and surface-mediated reactions, leading to a more complete understanding of soot particle growth and oxidation mechanisms.
Methods

I. Experimental. Scanning tunneling microscopy (STM)
experiments were conducted in an ultrahigh vacuum (UHV) chamber with a base pressure of 1 × 10 -10 Torr. The UHV chamber is equipped with a quadrupole mass spectrometer (Stanford Research Systems RGA 200) and a variable temperature STM (Omicron Vakuumphysik GmbH) along with other surface analysis instrumentation. Highly oriented pyrolytic graphite (HOPG) (Advanced Ceramics, zyb grade) was freshly cleaved and immediately introduced into the vacuum system. The HOPG was cleaned by heating to 820 K for ∼20 min prior to deposition of molecular adsorbates.
For chrysene, the film was prepared by vacuum sublimation in a small extension chamber attached to the main UHV chamber. Vapor deposition was performed using an evaporator with a molybdenum crucible and a type-K thermocouple. Chrysene (98% pure) was obtained commercially (Aldrich) and degassed at 358-363 K for ∼12-24 h prior to each deposition. The chrysene sample was heated to 373 K for deposition onto the room-temperature HOPG substrate at a rate of 6-8 Å/min. The deposition rate was monitored with a quartz crystal microbalance (Sigma Instruments). The chrysene-HOPG sample was then transferred into the main UHV chamber and slowly annealed to 360 K. This gentle annealing process is intended to remove any multilayers of chrysene and give the remaining monolayer sufficient time and thermal energy to reach a minimum free energy structure. For STM measurements, the sample was cooled to 80 K using a liquid helium flow cryostat with the tip remaining near room temperature.
Indene possesses a high enough vapor pressure at room temperature to be deposited onto a cold HOPG substrate using a retractable line doser. Prior to deposition, indene (Aldrich, neat) was purified by at least 10 freeze-pump-thaw cycles. To ensure the presence of the compound in the gas phase without impurities, mass spectra were obtained prior to deposition and compared with the known spectrum. 67 Clean HOPG was transferred into the STM stage and slowly cooled to 190 K with the liquid helium cryostat prior to indene deposition. The line doser was positioned in the vicinity of the cold substrate, and ∼10 L of indene was vapor-deposited onto the graphite. Temperature programmed desorption data for n-decane on graphite 68, 69 was used to estimate the multilayer desorption temperature for indene. The vapor pressure and mass of indene and n-decane are similar, suggesting that at a deposition temperature of 190 K the indene monolayer will be stable while multilayers will desorb. After a few minutes at the dosing temperature, the sample was further cooled to 80 K for analysis via STM.
STM tips were prepared by electrochemical AC etching of a polycrystalline tungsten wire. All images were taken in constant current mode. Typical scanning conditions are a +2 V bias between the tip and the surface, 100 pA tunneling current, and a scan rate of 6-8 lines/second. The effects of thermal and mechanical drift were minimized through use of the real-time drift correction available in the Omicron imaging software. Specific tunneling parameters are given for individual images in the figure captions, with the sign of the voltage referred to the sample.
II. Computational Modeling. Density functional theory (DFT) geometry optimization and frontier orbital calculations were performed for chrysene employing Becke's three-parameter exchange functional (Becke3), 70 Lee, Yang, and Parr's correlation functional (LYP), 71 and the lacvp basis set 72 within JAGUAR. 73 For simplicity of computation, the geometry optimization and frontier orbital calculations were performed on a single chrysene molecule in a vacuum. This is expected to be a fairly good approximation to the electronic structure of a chrysene monolayer because the molecules are weakly physisorbed on the graphite, and the only adsorbate-substrate interactions present are van der Waals forces.
To aid in understanding the spontaneous self-assembly of chrysene and indene on graphite, energy minimization and molecular dynamics simulations were performed for small clusters of molecules adsorbed on a model graphite surface using SIM, 74 a program written at Columbia University. Energy minimizations are performed on initial structures consistent with the STM images, both with and without periodic boundary conditions. The truncated Newton algorithm 75 is used to locate the minimum potential energy structure of each starting configuration. Constant NVT molecular dynamics (MD) simulations, thermally equilibrated with the Nose-Hoover chains method, 76 are then performed on the minimized structures under conditions approximating the experiments. The MD simulations determine the effect of thermal energy on the minimized packing assembly.
The HOPG substrate is modeled using the Steele potential. 77 The top two graphite layer sheets are described using a fully corrugated potential, and an additional 38 layers below the top two sheets are modeled as a smoothed-out, attractive potential. This simplification of the graphite structure has proven to be more than adequate in other theoretical studies of surface adsorption. [77] [78] [79] The adsorbate intramolecular and intermolecular energetics are described using Jorgensen's OPLS-AA force field. 80 Intramolecular energy is described by harmonic bond stretches, bends, and torsions as well as by Lennard-Jones (6-12) dispersions, repulsions and electrostatic interactions between atoms separated by at least three bonds (1-4 interactions), both of which are scaled by 0.5 in this model. Intermolecular energy is described by electrostatic interactions (point charges) and Lennard-Jones (6-12) van der Waals dispersion and repulsion interactions. The strength of the adsorbate-substrate interaction is given by the Steele energy term. Image charges between the molecules and the substrate can also be added to the model; however, they have been neglected in the present analysis because they are quite small and when included they do not alter the optimized structures.
The data are presented as follows. The total potential energy is reported, along with a breakdown of its component contributions. The internal energy for the molecule or cluster of molecules on graphite is the sum of the stretch, bend, and torsional energies. Contributions to the total potential energy from van der Waals (Lennard-Jones) interactions, electrostatic interactions, and adsorbate-substrate (Steele) interactions are reported separately. The total potential energy of the system is thus the sum of the internal, electrostatic, Lennard-Jones, and Steele energies. All energies are reported in kcal/mol for the entire cluster. The total energy in each case is not scaled to a per molecule value because some simulations were performed without periodic boundary conditions. Without such boundary conditions, the edge molecules are not expected to have the same energy relative to the more internal molecules of the cluster, and thus reporting energies scaled for a single molecule would be deceptive. For example, a different configuration of molecules with the same relative orientations but with different numbers of edge versus internal molecules is expected to give a different value for the total energy of the system under study.
While the absolute, total potential energy for each system is given, it is sometimes helpful to compare cluster stabilization energies (or pair interaction energies for chrysene dimers on graphite) that are corrected for contributions from a single molecule adsorbed on the surface, which has a nonzero total potential energy of interaction. The stabilization energy (E stab ) for a cluster of N molecules on graphite is given by where E cluster is the absolute energy for the N molecule system and E monomer is the absolute energy for a single molecule of the cluster adsorbed on graphite in the absence of other molecules. While the absolute energies are influenced by the quality of the fit to the force field used in the calculation and therefore may suffer from the usual restrictions on absolute parameter accuracy for condensed-phase calculations, a comparison of relative energies is expected to provide a reliable measure of the stability of one possible structure over another.
Results
I.
Chrysene: UHV-STM. Individual monolayers of chrysene are formed on the basal plane of graphite. Two distinct packing structures have been observed individually, a lowdensity monolayer ( Figure 1a ) and a high-density, close-packed monolayer (Figure 1b) . Both structures exhibit well-ordered domains extending for several hundred nanometers, 20 nm by 20 nm portions of which are shown in Figure 1 .
In the low-density configuration, the chrysene molecules assemble as rows of dimers with a large amount of space between each pair, as indicated by the dotted yellow lines in the STM image (Figure 1a) . A single chrysene molecule is observed within the yellow oval. Adjacent rows of molecules are offset from one another and form large, empty cavities between the dimer pairs. The length of the cavity, a, is about 2.2 nm and is shown by the yellow arrow in the STM image Direct observation of the tunneling signature of graphite suggests that only a monolayer of chrysene is present in the low-density configuration. It is highly unlikely that a second layer of chrysene molecules are lying directly above the monolayer, leaving large empty cavities on the graphite substrate. Line profiles taken along the scan direction give small height differences between the molecules and the substrate (a corrected apparent height of 1.31 Å), 81 evidence that there is only one adsorbed layer. Energetic considerations and theoretical results also support this claim (see Discussion below).
UHV-STM experiments reveal the presence of a second type of self-assembled monolayer for chrysene on graphite. The 20 nm by 20 nm STM image of this monolayer ( Figure 1b) shows an entirely different packing structure as compared with the 20 nm by 20 nm STM image of the low-density assembly ( Figure  1a ). There are no large cavities or places where bare graphite is clearly observed, suggesting high-density coverage. Without additional image processing, it is not entirely obvious how the individual molecules are aligned in this high-density assembly. The pattern observed in the STM image shows a well-ordered lamellar structure, as indicated by the yellow arrows in Figure  1b . It is likely that this high-density layer is not commensurate with the underlying graphite lattice, and thus Moiré effects may be present thereby complicating the image. A Fourier transform autocorrelation analysis ( Figure 2 ) performed on the high-density STM image (Figure 1b) indicates that the unit cell parameters are 0.80 nm by 1.23 nm and R ) 80°, roughly the size of a single chrysene molecule. Line profiles taken along the scan direction indicate a corrected apparent height of 1.46 Å. 82 Both the periodicity and line profile data suggest that the molecules in this high-density assembly are lying flat on the graphite surface. A high-density monolayer structure consistent with the unit cell is considered in the Theory section.
High-resolution STM images of chrysene in the low-density configuration ( Figure 3a) show an interesting nodal pattern, suggesting that the images may reflect the local density of a specific electronic state/molecular orbital rather than simply the topography of the molecule. The DFT calculated frontier molecular orbitals for a single chrysene molecule in a vacuum are shown in comparison with the high-resolution STM image in Figure 3 . The lowest unoccupied molecular orbital (LUMO) has a nodal plane across the center of the molecule, while the wave function for the highest occupied molecular orbital (HOMO) exhibits a central lobe. These differences should be easily discerned via STM. Indeed, the STM image obtained with positive surface bias voltage (Figure 3a) clearly resembles the calculated LUMO wave function (Figure 3b ). Under positive II. Chrysene: Theory. To determine if there is a preferred binding site for chrysene on graphite and to evaluate packing structure energetics, simulations were performed in which a single molecule was adsorbed and allowed to minimize freely on a graphite surface. The resultant configuration is one where the chrysene is offset from the underlying graphite, in a manner that is similar to the offset observed between alternating graphene sheets ( Figure 5a ). This offset configuration, designated site A, is compared to an alternative configuration where the chrysene molecule is overlapped with the underlying graphite, denoted site B (Figure 5a ). Upon minimization of the total potential energy, molecules initially placed at site B converge to the lower-energy configuration at site A. The energetics of a single chrysene molecule adsorbed at sites A and B are given in Table 1 , where the energy breakdown reported for site B is that prior to structural optimization. It is important to recognize that an isolated chrysene molecule in a vacuum has some strain energy, as indicated by the nonzero internal stretch, bend, and torsional energies. A single molecule also has a positive, unfavorable Lennard-Jones contribution to Comparison of several energy-minimized structures for (a) one and (b) two chrysene molecules adsorbed on graphite, calculated as described in the text. One chrysene molecule (a) can be adsorbed onto two distinct stabilization sites on graphite, site A where the chrysene molecule is offset from the underlying graphite and site B where the chrysene is aligned with the graphite rings. In part a, only the top layer of graphite is shown. For two chrysene molecules on graphite (b), several structures have been considered. Structure A has two molecules lying flat next to each other on the surface. Structure B shows two molecules π-stacked directly on top of each other on the graphite. Structure C has the molecules stacked in an offset fashion (analogous to two graphite sheets) but still flat on the surface. Structures D and E are similar configurations in which the π-stacked dimer (two molecules directly on top of each other as in B) is adsorbed perpendicular to the graphite via edge-face interactions. The perpendicular structures (D and E) differ only in the amount of rotation of the dimer relative to the graphite surface. Structure F shows a tilted alignment of the two molecules with respect to the chrysene surface. In part b, only two layers of graphite are shown for each structure. the total energy due to repulsive interactions between atoms within a single molecule separated by more than three bonds (1-4 atomic interactions). Adsorption of a single chrysene molecule on graphite results in an adsorbate-substrate Steele interaction that is both attractive (negative energy) and large in magnitude. The difference in energy between the two binding sites (0.41 kcal/mol) is due entirely to changes in the Steele interaction energy between the adsorbate and substrate, with site A being the preferred configuration.
When possible two-dimensional packing assemblies are considered, it is sometimes useful to refer to the structure of the molecule in the solid state. 37 The three-dimensional crystal structure for chrysene shows that the molecules stack in an offset manner in each dimension, and edge-face interactions are present between layers of the crystal. 83, 84 The X-ray crystal structure for chrysene resembles those for most other PAHs, including that of pentacene. 85 Truncation of a three-dimensional crystal into two dimensions might suggest that edge-face interactions would play an important role in the structure of the physisorbed monolayer on graphite. Such edge-face interactions would only be possible when the chrysene molecules are rotated to some degree off of the graphite; however, the experimental results indicate that the chrysene molecules are likely lying flat on the surface.
Calculations performed for two chrysene molecules on graphite also address the question of how the molecules are oriented relative to the graphite surface and each other. On the basis of previous calculations on gas-phase benzene dimers 86 as well as other aromatic molecules, 87 it can be predicted that multiple ring arene systems will always favor a flat but shifted stacking motif, as is seen in the flat orientations of the chrysene molecule on the graphite "multiple ring" surface (see Figure  5a , site A). The energy-minimized structures of six possible configurations for two molecules adsorbed on graphite are shown in Figure 5b . The breakdown of the energetics for each dimer structure (A-F) on graphite is shown in Table 2 . To compare the interaction energies of each dimer pair, it is useful to calculate the pair interaction or stabilization energy (E stab ) of the system. For structures A, D, and E, where both molecules contact the surface in identical fashion, E stab is obtained by taking the energy of twice a single molecule on graphite in each configuration and subtracting this from the total energy for the interacting dimer pair. For cases where the two molecules in the pair are not in identical configurations (B, C, and D), the energies of each molecule from the dimer calculated in isolation were added together, and the sum was subtracted from the dimer interaction energy, giving E stab .
Only two of the six dimers (A and C) are predicted to be stable minima when adsorbed on graphite, as indicated by a negative total potential energy (adsorbed). Structure A, where both molecules are lying side-by-side and flat on the graphite, is by far the most stable configuration for two chrysene molecules on graphite due to the highly favorable interaction between the molecules and the substrate exhibited by the large, negative Steele adsorption energy. As expected, the Steele energy for structure A is almost double that for configurations where only one chrysene molecule is in direct contact with the substrate (B and C). While the adsorbate-substrate interaction is further diminished for structures where the molecules are angled out of the plane of the graphite by 60 to 90°(D-F), the Lennard-Jones intermolecular energy is significantly lowered and more favorable for all of the other configurations (B-F) due to the attractive π-stacking interactions between the two chrysene molecules enabled by the close proximity of the chrysene pair in these configurations. The stabilization of each of the possible structures is due to both packing and adsorbatesubstrate interactions, as seen in Table 2 . The total energy is a result of a competition between adsorbate-substrate and adsorbate-adsorbate van der Waals interactions, with the surface interaction overwhelmingly dominant. The largest stabilization observed upon dimerization is seen in structures C and F, which exhibit the most favorable pair interaction energies (E stab ) of -8.71 and -8.92 kcal/mol, respectively. These structures have their chrysene molecules arranged in a similar staggered, offset way relative to each other. As stated previously, this staggered arrangement is the optimum geometry for dimers of aromatic molecules. 86, 87 The offset geometry a All interaction energies are defined in the Methods section. b The total potential energy is the sum of the intramolecular energy (stretch, bend, torsion, and Lennard-Jones) and intermolecular energy (electrostatic, Lennard-Jones, and Steele) for a single chrysene molecule on graphite.
c Corresponding structure is shown in Figure 5a . d The energies given are for the starting configuration because upon energy minimization site B converges to site A. a All interaction energies are defined in the Methods section. b Total interaction energy of each dimer in the presence of the substrate. Those entries shown in italics are stable configurations for two chrysene molecules adsorbed on graphite. c Total energy for each chrysene dimer optimized in a vacuum without the graphite substrate. d Pair interaction energies (stabilization energies) for each dimer configuration are calculated as the total interaction energy for the dimer on graphite corrected for the energy of the individual chrysene molecules on graphite in the same configuration as the dimer. e Corresponding structures are shown in Figure 5b . results in overall net favorable π-π interactions because it maximizes the favorable π-σ interactions while minimizing the repulsive π-π interactions between the molecules. 87 This correlates well with the results of Table 1 , which show that the chrysene molecules prefer to bind offset from the underlying graphite layer (Figure 5a, site A) . In fact, structures C and F are dimers that behave as miniature pieces of graphite, where interacting graphene sheets exhibit an offset between the layers. While such tilted configurations as structures C and F might become important in the high-coverage or multilayer limit, the experimental conditions are such that the surface coverage for chrysene on graphite is in the monolayer or even sub-monolayer regime where adsorbate-substrate interactions likely drive the self-assembly into configurations in which the molecules lie flat on the surface.
To determine the driving forces for self-assembly and the origin of at least two distinct packing assemblies observed in the STM images, energy minimizations for larger sets of chrysene molecules on graphite have also been performed. A summary of the energetics for 10 chrysene molecules adsorbed on graphite in a low-density configuration (Figure 6a ) and a high-density configuration (Figure 6b ) is presented in Table 3 .
The low-density monolayer configuration observed by STM (Figure 1a) is easily modeled using a patch of 10 chrysene molecules on graphite as shown in Figure 6a . The energyminimized low-density structure (Figure 6a ) accurately reproduces the experimentally determined cavity dimensions; the calculated values for a and b are 2.3 and 0.4 nm, respectively, as compared to the experimentally measured values of 2.2 and 0.5 nm, respectively.
Possible structures for the high-density packing assembly have been assessed using molecular modeling and simple geometric packing considerations. Only structures in which the molecules are lying completely flat on the graphite surface are considered feasible for the high-density assembly, in keeping with the STM images and the dimer calculations (Table 2) . One structure consistent with features observed in the STM images and the Fourier transform analysis (Figure 2 ) has been analyzed using the aforementioned theoretical methods, the results of which are detailed below.
The high-density structure observed by STM (Figure 1b ) is probably the result of molecules assembling in a close-packed configuration such as the energy-minimized structure shown in Figure 6b . This configuration is the only one consistent with the unit cell parameters determined by the Fourier transform autocorrelation analysis (Figure 2 ). In this configuration, the stabilization energy (∆E HD) for the 10-molecule cluster is -10.27 kcal/mol ( Table 3 ), indicating that each chrysene molecule is stabilized by ∼1 kcal/mol as compared to 10 noninteracting, separated chrysene molecules on graphite (in site A from Figure 5a ). This type of assembly pattern shares many of the characteristics observed in the STM image ( Figure  1b) and the Fourier transform analysis (Figure 2 ), including lamellae in two dimensions separated by an angle of ∼80°. Molecular dynamics simulations were performed for the highdensity structure at 80 K, the temperature at which the images were obtained. Much of the energy-minimized structure is maintained at 80 K (Figure 6c ), despite the fact that no boundary conditions have been imposed, indicating that this is a favorable structure even upon introduction of thermal energy. The highdensity structure was then simulated under two-dimensional periodic boundary conditions (PBC), using a one-molecule unit cell with dimensions taken from the previous minimizations (a ) 11.9 Å, b ) 8.61 Å, and R ) ) γ ) 90°). A smoothed-out graphite surface was used for this set of periodic simulations (i.e., only the first term in the Steele potential was included). 77 Leaving out corrugation is necessary to maintain a correct and consistent matching of the periodicities between the substrate and adsorbate models. The structure remained stable and flat and maintained the relative intermolecular configuration seen Figure 6 . Comparison of the energy-minimized configuration (calculated as described in the text) for 10 chrysene molecules on graphite in (a) the low-density configuration observed with STM and (b) a highdensity close-packed configuration. Constant NVT molecular dynamics simulations, without periodic boundary conditions, were run for the energy-minimized close-packed structure (b), and the resulting structure after 50 ps at 80 K is shown in part c. Only small structural changes are observed in part b with the addition of thermal energy when no boundary conditions are imposed (c), suggesting that part b is a favorable monolayer configuration. A one-molecule unit cell periodically replicated calculation (i.e., with periodic boundary conditions, PBC) using the structural information gleaned from the experimental and the calculated unit cell (b) is shown in part d. The PBC simulations used cell parameters of a ) 11.9 Å, b ) 8.61 Å, and R ) ) γ ) 90°a nd a smooth potential for graphite. The monolayer structure (d) is maintained upon annealing to 360 K. While chrysene itself is not chiral, chrysene adsorbed on HOPG is a pseudo-chiral system. In each optimized configuration shown, the chrysene molecules share the same chirality. In all cases, the graphite surface was included in the calculation, although it has been removed from the figure for presentation purposes. Figure 6 . c Stabilization energies for the two clusters (∆E HD, ∆E LD) are calculated as the difference in energy between the 10-molecule cluster and 10 times the energy of a single chrysene molecule on graphite in the lowest-energy stabilization site (site A from Table 1 , Figure 5a ). in the unbounded simulations, even after annealing up to the experimental temperature of 360 K. A large tiled patch of the high-density structure obtained after the annealing schedule of 50 ps at 360 K, followed by cooling to 325, 300, 275, 250, etc. all the way down to 80 K is shown in Figure 6d .
To begin to understand why two distinct monolayer structures are observed experimentally for chrysene on graphite, it is useful to look at the breakdown of the energetics for the energyminimized low-density and high-density structures of 10 chrysene molecules on graphite (Table 3, Figures 6a and 6b) . The total potential energy of each 10-molecule set is favorable when compared to 10 times the energy of a single chrysene molecule in the flat configuration (structure A) on graphite. Specifically, the high-density structure is stabilized by 10 kcal/mol, while the low-density one gains 5 kcal/mol. The high-density structure is preferred over the low-density assembly in that it allows more molecules to pack per unit area on the graphite surface. The calculations also indicate that the high-density structure is preferred on a per molecule basis and thus should be preferred for any coverage. The large, favorable (negative) Steele energy is the interaction term contributing most to the total potential energy for all structures. Not surprisingly, the intermolecular Lennard-Jones interactions between molecules are more favorable by over 6 kcal/mol when molecules are packed more densely, as in the high-density structure, due to the short-range nature of this interaction. Despite its overall higher total potential energy, the low-density structure is able to minimize the unfavorable electrostatic interactions among the molecules by 2 kcal/mol as compared to the high-density one. However, this small gain in energy by minimizing repulsive electrostatic forces does not compensate for weaker intermolecular Lennard-Jones interactions in the low-density structure as compared to the highdensity one. The play-off between repulsive electrostatic forces and attractive Lennard-Jones forces ultimately favors a highdensity assembly over a low-density one.
Because the STM images are consistent with assemblies where the chrysene molecules are lying flat on the graphite substrate, configurations where 10 molecules are oriented in a perpendicular or tilted arrangement on the substrate have not been considered in the present analysis. Upon the basis of calculations of two chrysene molecules on graphite (Table 2) , it is energetically much less favorable for chrysene molecules to adsorb via edge-face interactions as opposed to lying flat in the plane of graphite. The presence of beneficial intermolecular interactions for a full monolayer of molecules packing in a tilted or perpendicular configuration might be substantial enough to outweigh the loss of adsorbate-substrate interactions arising from rotation of the chrysene molecules off the graphite surface into the vacuum. However, this is clearly not the case for two chrysene molecules, and the experimental data does not support perpendicular or tilted structures.
III. Indene: UHV-STM and Theory. A 5 nm by 5 nm portion of a STM image of indene adsorbed on the basal plane of graphite is shown in Figure 7a . Indene forms well-ordered lamellae on the graphite substrate. The lamellae have an average width of 0.70 nm, consistent with the expected width of a single indene molecule (0.68 nm). Within a given lamella, clusters of "bright" spots are observed with a spacing of about 0.58 nm. Each cluster is assigned to a single indene molecule. A possible assembly pattern matching the measured geometric factors is shown in Figure 7b . This is the energy-minimized structure for four indene molecules on graphite. The energy breakdown for the cluster compared with that of a single indene molecule adsorbed on graphite is listed in Table 4 .
Discussion
I. Observation of Small PAHs on Graphite with STM.
Direct observation of the self-assembly of the small PAHs chrysene and indene on graphite is remarkable. Unlike previous STM studies at the liquid-graphite 1,3-5,8-10,18,21,28,31-41 and vacuum-graphite 23-25,42-46 interfaces, the molecules studied here are of relatively low molecular weight and contain no alkyl (Figure 7a) , a four-molecule indene cluster on graphite ("four") and a single indene molecule on graphite ("one") were individually optimized. The four-molecule cluster on graphite is shown in Figure 7b . c Stabilization energies for the cluster (∆E) are calculated as the difference in energy between the four-molecule cluster and 4 times the energy of a single indene molecule on graphite in the lowest-energy configuration.
chains, polarizable headgroups, or hydrogen-bonding sites known to promote self-assembly. The primary driving force for self-assembly is the favorable interaction between the adsorbate and the substrate. Favorable but weak van der Waals interactions between neighboring absorbate molecules will also contribute to the spontaneous self-assembly of these small PAHs on graphite.
Theoretical studies of these adsorbates on graphite surfaces provide a guide with which to interpret the self-assembly of chrysene and indene at a quantitative level. From the calculations, the total potential energy of a given packing structure can be dissected to determine those factors (e.g., adsorbatesubstrate interactions, adsorbate-adsorbate interactions) that drive the self-assembly in each case.
A. Chrysene. While the calculations for a single chrysene molecule on graphite suggest that there is a preferred stabilization configuration (Figure 5a , site A), the energy difference between the possible stabilization sites is quite small and well within kT at the annealing temperature used in these experiments. With only van der Waals forces between the adsorbate and substrate, as is the case for chrysene on graphite, the barriers to motion parallel to the surface are expected to be on the order of 0.3-1 kcal/mol. 88 Given the small barrier to translation from one site to another, the molecules can sample each site upon deposition and during annealing. This lack of a significant barrier to translation between adsorption sites may be the cause of the large number of defects observed for the low-density structure (Figure 1a) , where the defect appears as a significant decrease in the spacing between molecules within a given lamella, an example of which is labeled c in Figure 1a . Furthermore, the observation of a commensurate (low-density) and noncommensurate (high-density) structure indicates that practically speaking there is no unique stabilization site for chrysene on graphite.
The theoretical studies of the two-molecule clusters (Table 2, Figure 5 ) suggest that in a vacuum the chrysene molecules prefer to lie flat on the graphite surface (structure A) rather than π-stacking with each other (structures B-F) and interacting with the surface through edge-face interactions (structures D-F). While structure A, with two chrysene molecules side-by-side on the graphite, is the least favorable with respect to optimization of the intermolecular van der Waals (Lennard-Jones) energy, this structure ultimately displays the most favorable total energy when bound to the surface and is most likely the only one observed experimentally in this study. In structure A, both molecules lie completely flat on the surface, thereby maximizing the adsorbate-substrate interactions in contrast to the out-ofplane configurations (structures B-F). The adsorbate-substrate interaction drives the self-assembly toward a flat configuration, despite the fact that the adsorbate intermolecular Lennard-Jones interactions are significantly less favorable when the molecules are side-by-side versus π-stacked.
It should be noted that while suggestive this two-molecule analysis is not conclusive. Perpendicular or tilted structures such as those depicted in D-F of Figure 5b may become relevant in the high-coverage (multilayer) limit. However, on the basis of previous work on organic layers on graphite, 23 the surface preparation conditions utilized in the present study are such that deposition is in the low-coverage (monolayer/sub-monolayer) regime. In such a low-coverage limit, the molecules would prefer to lie flat, thereby substantially increasing their interaction energy with the surface at the expense of their interaction with each other. Both the high-and low-density packing assemblies observed in the present work occur for chrysene on graphite under monolayer/sub-monolayer surface coverage conditions.
The theoretical results and the STM images indicate that both the high-and low-density configurations are assemblies in which the chrysene molecules lie flat on the graphite surface.
Observation of two types of assembly structures via STM reflects the rough, multiwell nature of the global potential energy surface of the chrysene-graphite system. The minimizations indicate that the energy difference between the two assigned configurations (high-and low-density) is ∼5 kcal/mol for 10 molecules, almost 7 times larger than the available thermal energy (0.75 kcal/mol) at the annealing temperature used in the experiments. Presumably there are numerous configurations not considered here that represent metastable minima on the potential energy surface for chrysene on graphite. The highdensity domain observed with STM ( Figure 1b) and assigned to the calculated high-density structure (Figure 6b ) is likely one of the lowest-energy, or perhaps even the global minimum, packing configurations for chrysene on graphite, as energy per unit area is minimized in such a close-packed structure.
The observation of both low-and high-density assemblies, despite identical deposition and annealing conditions (within (5 K), suggests that trapping of high-energy assemblies can occur with a significant barrier to rearrangement into a lowerenergy configuration. Such a kinetic component to the selfassembly may exist making it difficult to achieve the lowerenergy, high-density configuration on the time scale of the experiments. One such potential kinetic constraint due to a geometric effect (chirality) will be discussed in detail below.
While entropy has not been included in the theoretical analysis to date, it will also play a role in the self-assembly process. The observation of both a low-and high-density monolayer structure for chrysene on graphite may indicate a competition between entropy and enthalpy as the primary driving force for the self-assembly process. Entropy may favor a low-density structure in which there are fewer chrysene molecules that can sample multiple stabilization sites on the graphite surface. The modeling presented above suggests that enthalpy favors a highdensity structure with more molecules packed per unit area on the graphite surface.
Finally, it is plausible that two different packing structures are observed for the self-assembly of chrysene on graphite due to experimental, coverage-dependent self-assembly. While the experimental conditions were carefully controlled and identical within the error associated with measuring the temperature of the chrysene sample during vapor deposition and the graphite substrate during annealing, small changes in conditions could result in dramatically different amounts of chrysene being present on the graphite during different experimental runs. Thus the molecules may adopt one configuration at low coverage and another at higher coverage, corresponding to low-and highdensity structures, respectively. However, this scenario seems unlikely considering that each configuration was observed multiple times and the error associated with the temperature measurements is quite small.
B. Indene. Indene is perhaps the smallest aromatic so far observed via STM to self-assemble on graphite in UHV. Smaller molecules, such as n-alkanes and halo-alkanes, 45 which exhibit very strong dispersion interactions between the alkyl chains and headgroups, are known to self-organize and have been observed with the STM. Other small aromatics, such as trimesic acid, 46 are also known to self-assemble on graphite, but these molecules form very strong hydrogen-bonded networks that dominate the self-assembly. The absence of any large self-assembly forces in the case of indene hints at the importance of subtle interactions, involving short-range and weak forces, that drive the self-assembly. The presence of one saturated carbon on the five-membered ring allows for an increased adsorbate-substrate interaction as one of the hydrogen atoms points down into the graphite. Thus, the indene is likely to be held more closely to the graphite surface than a flat analogue would be. This interaction is similar to the interaction between methylene units and the underlying graphite in the case of self-assembly by alkanes. 3, 4, 7 The calculations indicate that the main driving force for selfassembly of indene on graphite is the absorbate-substrate van der Waals (Steele) energy (Table 4) . While the adsorbatesubstrate energy dominates, the weak van der Waals interactions between molecules also contribute favorably to self-assembly. It should be noted that a single indene molecule has a considerable internal energy, most likely due to ring strain associated with a fused five-and six-membered ring structure. While the magnitude of this energy might be overestimated in the current harmonic simulations, the relative energy of the cluster versus that of an equivalent number of single molecules is not expected to be altered by this internal energy. Indeed, the stretch, bend, and torsional components completely cancel out when determining the stabilization energy of the cluster (∆E in Table 4 ).
II. Chrysene on Graphite: A Pseudo-Chiral System. While chrysene itself is not chiral, chrysene adsorbed on graphite is pseudo-chiral. The two distinct adsorbate structures are shown below. Adsorption of the molecule on graphite is expected to be equally probable for each "enantiomer" as the surfacemolecule interactions are identical for each orientation.
The chirality of the molecules on the surface can be determined by close inspection of the low-density monolayer structure STM image for chrysene (Figures 1a and 3a) and comparison with the calculated LUMO (Figure 3a) . The wave function of the LUMO is concentrated along the perimeter of chrysene, showing a large nodal plane through the center of the molecule. This central node follows the shape of the chrysene "step" as noted by the arrows in the structures above and observed in Figures 1a and 3a . For all STM topographs collected, the low-density monolayer has nearly equal amounts of each adsorbate enantiomer present. For example, in the STM topographic image shown in Figure 1a there are 69 right-handed enantiomers and 67 left-handed ones. While adsorbates of the same chirality tend to group in small regions, there is clearly no enantiomeric segregation. This is unlike the segregation observed previously for chiral and pseudo-chiral self-assembled monolayers at the liquid-graphite interface. 31, [39] [40] [41] To model a high-density structure in which the molecules are all lying flat on the substrate, geometric constraints for packing as many molecules as possible on the surface dictate that the adsorbate molecules maintain identical chirality. However, the presence of chirality is not obvious in the chrysene high-density assembly based on inspection of the STM topograph shown in Figure 1b . While experiments performed at the liquid-graphite interface have shown segregation based on chirality, 31,39-41 the dynamic equilibrium established between molecules on the surface and molecules in solution presents a low-energy pathway decreasing the barrier to out-of-plane movement of the surface adlayers. Furthermore, these liquidsolid interface experiments are typically performed near room temperature, which makes the possibility of an equilibrium among multiple, stable surface structures more likely. Under the current low-temperature, UHV conditions, adsorbate chirality may provide a kinetic "bottleneck" for the self-assembly of chrysene into the energetically preferred high-density configuration, thereby explaining the observation of the low-density structure. Assuming equal sticking probability for each enantiomer upon deposition, formation of domains having molecules all oriented with the same chirality and packed tightly requires diffusion of chrysene molecules across the surface to form chirally segregated domains or enough energy to lift a molecule off the surface and flip it over. Diffusion of chrysene across large areas of graphite is likely to be slow and may require concerted motions of the molecules. Alternatively, rotation of the molecules out of the plane of the surface would require overcoming the large dispersion interaction between the molecule and the surface (the Steele energy), the energetic cost of which is comparable to complete desorption. Because the present experiments are performed at the vacuum-graphite interface, the barrier to rotation of a chrysene molecule is expected to be quite large. Once the substrate is cooled below room temperature for analysis via STM, the molecules are essentially locked into position and have only a small amount of vibrational motion. This suggests that the low-density structure is metastable in agreement with the theoretical model calculations and that the high-density structure, if it is chiral, likely arises in samples where sufficient numbers of molecules are deposited under conditions where annealing is complete enough to allow surface diffusion and/or molecular flipping.
Because the adsorption of one enantiomer is not expected to be energetically preferred over the other, large domains comprised of either one enatiomer or the other are likely to exist on the graphite surface. Due to the presence of the complicating Moiré effect for the high-density structure, determining exactly which enatiomer is observed in Figure 1b is difficult. Thus far, grain boundaries between domains have been observed; however it is unclear if such domains represent different chiralities. A future investigation of the structural properties (e.g., grain boundaries, point defects) of such pseudo-chiral systems will be extremely interesting from both an experimental and a theoretical perspective.
III. Electronic Structure and Tunneling Mechanism for Chrysene on Graphite. The observation of distinct STM topographic images for chrysene upon alternating the bias voltage polarity is indicative of the presence of two or more molecular electronic states that dominate tunneling into and out of the substrate. The STM topographs of chrysene resemble the DFT calculated LUMO when electrons tunnel from the tip to the surface (+V sample , Figures 1a and 3a) and the HOMO when electrons tunnel from the surface to the tip (-V sample , Figure  4b ). Orbital-mediated tunneling such as this has been observed previously in the bias dependence of the tunneling current for monolayers of molecules such as the PAH coronene, 24 porphyrin derivatives, [89] [90] [91] donor-acceptor molecules, 34 and naphthalocyanine 23 on metal or semimetal surfaces.
To understand the tunneling mechanism for chrysene on graphite, it is useful to consider the electronic energy level structure of the molecule with respect to that of the substrate. 4, 89 In the absence of definitive experimental data relating the energy of the HOMO and LUMO of the molecular adsorbate to the Fermi level of the graphite, as might be obtained via ultraviolet photoelectron spectroscopy, several approximate methods can be used. The simplest assumes that the HOMO-LUMO gap for chrysene on graphite is equal to the DFT calculated gap for an isolated molecule (4.25 eV, Table 5 ). Because the chrysene molecules are only weakly coupled to the substrate via van der Waals interactions, the energies of the HOMO and LUMO states for the isolated molecule are expected to be similar to those of the adsorbate molecule. The gas-phase ionization potential for chrysene is 7.60 eV. 92 With the vacuum level pinned such that the ionization potential of the molecule is aligned with the work function of graphite (4.8 eV), the HOMO and LUMO levels can be approximately located with respect to the graphite Fermi level. 4 Through use of this procedure, the chrysene HOMO is predicted to be located at about -2.8 eV, and the LUMO would be at about +1.5 eV, relative to the Fermi level of graphite. These energies are comparable to the energies of the tunneling electrons given the accessible bias voltage. Because the molecules are more strongly coupled to the surface than the tip, it is expected that their electronic-state energies track the surface potential, 89 unlike the symmetric metal-molecule-metal junction. 93, 94 An alternative approach to approximating the energy of the HOMO and LUMO states relative to the Fermi level of the substrate is to use electrochemical data for the molecule of interest. 34, 90, 91 The first oxidation and reduction potentials of a molecule can be related to the energy of the molecular HOMO and LUMO levels, respectively. For chrysene, the first oxidation and reduction potentials are +1.64 and -2.27 V vs SCE. 95 Through use of this electrochemical data, along with a vacuumscale conversion factor (the zero of the SCE scale is 4.71 V below the vacuum level), the HOMO and LUMO levels can be located approximately 6.35 and 2.44 V, respectively, below the vacuum level. 90, 91 By taking the work function of graphite as 4.8 eV, this electrochemical analysis predicts the HOMO and LUMO of chrysene to be at -1.55 and +2.36 V, respectively, relative to the Fermi level of graphite. Again, these energies are comparable to the energies of the tunneling electrons given the accessible bias voltage. This analysis also gives an approximate HOMO-LUMO gap of 3.91 V, consistent with that calculated using DFT.
Both analyses suggest that in the STM experiments tunneling from the tip to the surface (+V sample ) is dominated by the coupling of the chrysene LUMO to the surface. When the bias polarity is reversed, tunneling is dominated by the coupling of the chrysene HOMO to the graphite. Due to broadening of the energy distribution of electrons in the tip (which is not cooled in our apparatus), the surface-molecule coupling of other electronic states of chrysene may also contribute to the tunneling current. The contribution of these states will, of course, fall off as the energy of the chrysene states is displaced from the graphite Fermi level.
Conclusions
The present work has shown that the small, polycyclic aromatic molecules chrysene and indene can be self-assembled on graphite and interrogated by STM under low-temperature, ultrahigh vacuum conditions. These molecules form well-ordered assemblies, despite the fact that they lack any of the structural features typically associated with self-assembly (e.g., hydrogen bonding, long alkyl chains, polarizable headgroups).
For chrysene, two significantly different monolayer assembly structures were observed with STM. Possible origins for these different packing structures have been discussed in terms of a competition between entropy and enthalpy or kinetic trapping of the low-density structure due to a purely geometric effect (pseudo-chirality). It may be possible to observe experimentally the effect of thermal energy on the transformation from the lowdensity to the high-density structures by heating the surface allowing direct determination of the barrier to transformation between these configurations. These types of experiments are ongoing in our laboratory.
High-resolution STM topographic images of the low-density packing structure of chrysene reveal a nodal structure characteristic of the electronic wave functions involved in the tunneling process. Density functional theory calculations allow assignments of these states as the chrysene LUMO under conditions where electrons tunnel from the tip to the surface and the HOMO when electrons tunnel from the surface to the tip.
The synergy between theory and experiment in the current work has proven to be extremely powerful. Structural identification and analysis has been investigated for both chrysene and indene on graphite in a quantitative manner that does not rely simply on qualitative speculation. Energy minimization and molecular dynamics simulations have been performed on monolayer structures consistent with those observed experimentally using STM. The theoretical studies provide a picture of the driving forces for self-assembly that allows for the dissection of the total potential energy of the system into its contributing parts (e.g., van der Waals, electrostatic, adsorbatesubstrate, etc.). Currently, this type of information cannot be obtained easily via experiments.
The ability to couple theoretical and experimental studies of such molecular adsorbate systems has also provided insights into the fundamental aspects of the physical and chemical properties of these systems. Future work will be focused on determining how the substrate modifies the electronic structure of the molecular adsorbate. Such information is of fundamental importance for understanding charge transport in organic semiconductors, single molecule conduction, and device preparation via a bottom-up self-assembly process.
The results presented here are also of potential importance in the study of surface reactions relevant to combustion chemistry, since graphite surfaces provide a convenient, firstorder model for studying soot particle chemistry. If small PAH molecules, which are key intermediates and products in soot formation, can be identified and characterized on these surfaces using STM and theoretical methods, as has been done in the present work, then soot reaction mechanisms can be traced on a model surface such as graphite. Previous work has placed particular emphasis on formation of the first aromatic ring in soot chemistry mechanisms, 57-59 and possible pathways to initial ring formation will be investigated on graphite surfaces in future studies. Obtaining evidence for the formation of PAHs such as indene or chrysene from small precursor molecules on graphite is now possible since the STM signatures of these potential reaction products have been obtained in the present study. Surface defects and step edges are also likely to play an important role in the chemistry occurring on graphite. Though these are typically minority sites on graphite surfaces carefully 
